In this paper electromagnetism (EM) metaheuristic is used for solving the NPhard strong minimum energy topology problem (SMETP). Objective function is adapted to the problem so that it effectively prevents infeasible solutions. Proposed EM algorithm uses efficient local search to speed up overall running time. This approach is tested on two sets of randomly generated symmetric and asymmetric instances. EM reaches all known optimal solutions for these instances. The solutions are obtained in a reasonable running time even for the problem instances of higher dimensions.
INTRODUCTION

Wireless sensor networks
Wireless sensor network (WSN) can be consisted of geographically distributed autonomous sensors which cooperatively measure some phenomena like temperature, intensity of sound, vibrations, pressure etc. (for example seismic network instruments). Evolution of such networks was motivated by development of military devices for battle field surveillance, and today they are also used for different civil and industry matters, transport and pollution control (for other usages see [1] ). The basic unit of the network is the wireless sensor, which is usually equipped with a measurement instrument, the radio 44 used for communication with the rest of the network, a little programmable microcontroller and a battery.
One of the problems in WSN is to reduce the amount of energy used for power supply. One way to address this problem is to minimize costs for each sensor by cutting the cost of access and activation. Another way is to address the problem globally and try to cut the costs by choosing optimal topology of network. This way, communication between sensors will be the cheapest implying long battery life. In this paper, mathematical formulation of SMETP problem is presented and EM is used to solve it.
Problem formulation
The goal is to assign some quantity of energy to each sensor in a network so that the network becomes strongly connected and the total energy used in the whole network is minimized. More formally, for a given set of sensors distributed on the plane, certain amount of energy should be assigned to each sensor so that there is at least one directed path between every ordered pair of sensor vertices, and the total amount of energy is minimized [2] . Transmission energy between vertices (sensors), indexed with i and j , is usually defined as:
where:
d is a measure of distance between vertices,  j t is a sensitivity threshold of sensor j ,   is a constant related to the loss of signal energy.
Sensitivity threshold j t of sensor j is the value of signal necessary to be detected by sensor i . In practice, sensitivity threshold for all sensors is usually equal, so its value is normalized to 1. The consequence of this normalization is that the problem becomes symmetric (in this paper asymmetric case is also analyzed). Constant  defines how fast the signal loses its strength, and its usual values are 2 or 4 (see [5] , [6] 
Previous results
In [4] , this problem appears under the name broadcast strong connectivity augmentation problem. Authors show that SMETP is NP hard and, assuming symmetric data, any minimum spanning tree (MST) gives at most two times worse solution. In [7] , assuming symmetric data, approximation algorithm for solving SMETP in ad hoc networks is presented. In [6] , authors presented the results obtained when relationship between the energy consumption of an optimal solution and the approximate solution of any spanning tree is taken into account. Two polynomial time approximation heuristics are proposed: one based on MST, and the other, called MST-reduced, based on the minimum incremental power tree. MST has the lexicographic property such that the longest edge in the tree is the minimum among all spanning trees. Thus, any MST solution minimizes the maximum energy used by any sensor node. Computational experiments suggest that MST-reduced tree provides an average improvement of about 4 percent over MST solution. In [11] , the proposed memetic algorithm gave a better solution than the approximation of MST algorithms. In [2] , different integer linear programming (ILP) formulations are presented, and Branch and cut algorithm, which uses solutions to these ILP formulations sub problems in every vertex of B&C search tree, is then applied. At the end, cutting non perspective tree parts, based on these solutions, is performed.
Similar problems are also studied in [8] and [10] . The authors solved the problem of minimizing the total power in the network under the constraint that every sensor should directly or indirectly communicate with the master node. The objective, again, is to minimize the total powers assigned to sensor nodes. SMETP differs from these two problems in a sense that it requires all-to-all communication between sensor nodes instead of communication from all sensor nodes to the master node. In [5] , the problem of assigning transmitting power to each sensor, so that the induced topology contains only bidirectional links strongly connected, is considered. Let i z be the weight assigned to vertex i , which corresponds to energy assigned to vertex i . Furthermore, for a given set of vertices S , such that SV  and S , let ( , ) SS be the set of all arcs ( , ) ij that connect vertices from set S with set \ S V S  . Then, integer linear programming formulation of the problem is as follows:
,
Objective function (2) represents the sum of weights of all vertices. Constraints (3) state that the weight of each vertex has to be greater or equal to the cost of each outgoing arc. This set of constraints ensures that each sensor has a sufficient amount of energy to send a signal to each of the neighboring sensors. Constraints (4) ensure that for each two distinct sets partitioning of the starting set of vertices exists a connection between at least two vertices, such that the first belongs to the first partition, and the second to the second partition. Following the transitivity rule, a directed path between any two vertices exist, which means that the graph is strongly connected. Constraints (5) state that , ij x is a binary variable, and constraints (6) insure that a negative value of energy for any vertex is impossible.
EM FOR SMETP
Electromagnetism as an optimization heuristic was proposed in [3] . This method can solve nonlinear optimization problems (the details about convergence can be found in the mentioned paper). As EM is a population based algorithm, in the following text each member , 1..
of that population will be referred as an EM point (or solution point), and the population itself will be referred as a set of points (or solution set).
Each EM point in the set of points has its associated charge, which is calculated as a function of its and other point's objective functions. Every point has an impact on the others through charge, and its exact value is given by Coulomb's Law. This means that power of connection between two points will be proportional to the product of charges and reciprocal to the distance between the points. The points with a higher charge will attract other points more strongly. Besides, the best EM point will stay unchanged. Proposed EM program for solving SMETP is given in the following pseudocode:
EM for SMETP 
0, For the sake of readability and without loss of generality, undirected graph is considered (symmetric case) instead of directed graph. EM point represented with real vector bellow is then mapped to the following binary solution vector, and corresponding solution subgraph is given in Figure 1 . A thing to be emphasized here is that a graph has to be strongly connected, that is true in this example, and if it is not the case, than a repair procedure should be performed. Outline of this procedure is presented in the following example. Figure 2 . After performing strong connectivity checking algorithm, two strongly connected components can be noticed. The first one is consisted of vertices { , } AB , and the second contains vertices { , , } C D E . Obviously, this type of topology is not allowed, so necessary repair steps are taken. During the execution of strong connectivity checking algorithm, roots of strong connectivity components are saved. The repair procedure is based on adding necessary edges between root vertices, such that the new topology becomes strongly connected. In this example undirected graph is repaired by adding the edge AC . Similarly, directed graphs are supplemented by adding arcs in both directions between appropriate root vertices. rv will not make any difference regarding strong connectivity property. In the second case, this property will be satisfied. This is due to the fact that the arbitrary pair of vertices include arc   , uv in its path, and will be connected with the path which now contains arcs   , ur and ( , ) rv . Also, the objective function will be improved; higher direct communication cost will be replaced by two lower, so the average communication line costs will decrease. In the long run, this will reduce the required battery level. Pseudo-code of the LS is as follows: 
Solution scaling
In this section a scaling procedure is introduced, which influences intensification and diversification balancing. The procedure of scaling is performed after local search, and its main goal is to transform the vector in such a manner that intensification of search is increased. Scale factor i r is obtained by decreasing each EM coordinate value with lower bound, and after that dividing it with the difference between upper and lower bound, in other words by normalizing it to the interval [lb,ub] . (1 0.9) *0.5 0.9*1 0.95
Charges and forces
EM points are being evaluated by calculating their charges k q , given the following formula:
where || A is dimension space and best p is the best EM point so far. Finally, total force that these charges produce is applied. The resulting force l F on point l is the sum of force vectors induced by all other neighbor points on point l :
Results
In Tables 1-2, the first column is the name of the instance, the second represents dimension, the third is optimal value obtained by CPLEX value in case when it finished its work, represents the total time needed to reach finishing criteria. EM cannot prove optimality, so it waits for the finishing criterion to exit execution. The difference em emtot tt  t represents the time for which algorithm finishes execution after the best solution is found. Mark "*" denotes that the time limit of 2 hours was exceeded. Table 3 is organized similarly as Table 1 and Table 2 , but the instances in Table 3 were not reachable by CPLEX, so optimal solution value and CPLEX running time are omitted.
Aleksandar Kartelj / EM metaheuristic algorithm for solving SMETP 54 In Table 3 EM results for symmetric and asymmetric instances with dimensions 210 to 2450 are shown. Solutions for these instances were not reachable by CPLEX, so optimal solution is not known. From Table 1 and Table 2 , it is evident that EM reached all known optimal solutions sym101-sym125, sym132, asym101-asym135. As can be seen from the tables, running times are relatively short. For small instances, total running time is up to 477 seconds. Also, it can be seen that optimal solutions were always reached in shorter running time, but finishing criteria were not satisfied. For example on asym133 instance total running time was 476.99 seconds, but the optimal solution, whose value is 4354, was reached only after 283.32 seconds. This is quite shorter than CPLEX, whose running time was 2913.39 seconds. Although CPLEX is general solver, so running time of EM can not be directly comparable with the running time of CPLEX, experimental results show that EM is quite competitive. Experimental results on large instances presented in Table 3 are even more promising. Running time was attainable, i.e. for all large instances it was less than 40 minutes.
CONCLUSIONS
In this paper electromagnetism metaheuristic algorithm for solving the problem of strong minimum energy topology is presented. Appropriate objective function mapping real valued EM points to binary SMETP solution is implemented. Proposed objective function effectively prevents infeasible solutions. The scaling of real vectors to obtained integer solutions directs the search towards promising search regions. The experimental results show that EM matches with all known optimal solutions of tested instances. The running times were reasonable even for large instances.
One possible direction for the further work is parallelization of the presented algorithm so it can be tested on multiprocessor system. Also, hybridization of the algorithm with other exact or heuristic methods is possible.
